Adaptive desensitization and inactivation are common properties of most ion channels and receptors. The mechanosensitive channel of small conductance MscS, which serves as a low-threshold osmolyte release valve in most bacteria, inactivates not from the open, but from the resting state under moderate tensions. This mechanism enables the channel to respond differently to slow tension ramps versus abruptly applied stimuli. In this work, we present a reconstruction of the energy landscape for MscS transitions based on patch current kinetics recorded under special pressure protocols. The data are analyzed with a three-state continuous time Markov model, where the tension-dependent transition rates are governed by Arrhenius-type relations. The analysis provides assignments to the intrinsic opening, closing, inactivation, and recovery rates as well as their tension dependencies. These parameters, which define the spatial (areal) distances between the energy wells and the positions of barriers, describe the tension-dependent distribution of the channel population between the three states and predict the experimentally observed dynamic pulse and ramp responses. Our solution also provides an analytic expression for the area of the inactivated state in terms of two experimentally accessible parameters: the tension at which inactivation probability is maximized, γ*, and the midpoint tension for activation, γ 0.5 . The analysis initially performed on Escherichia coli MscS shows its applicability to the recently characterized MscS homolog from Pseudomonas aeruginosa. Inactivation appears to be a common property of low-threshold MscS channels, which mediate proper termination of the osmotic permeability response and contribute to the environmental fitness of bacteria.
Introduction
Mechanosensitive (MS) ion channels are found in all domains of life. While in animals they fulfill multiple sensory functions (Alloui et al. 2006; Heurteaux et al. 2006; Retailleau and Duprat 2014; Volkers et al. 2015; Walsh et al. 2015) , in prokaryotes (Kung et al. 2010) , protozoans (Prole and Taylor 2013) , and plants (Nakagawa et al. 2007; Haswell et al. 2008 ) they participate in tension-triggered redistribution of osmolytes to balance osmotic forces in different compartments. In enteric bacteria, which are transmitted between hosts through fresh water and thus are frequently subjected to drastic shifts of external osmolarity, the osmolyte release system is particularly robust. In order to survive an abrupt 750 mOsm downshift causing massive water influx, Escherichia coli cells eject most of their small osmolytes (up to 20% of cell's dry weight) within ~ 50 ms (Çetiner et al. 2017) . Smaller bacteria, such as Pseudomonas aeruginosa, do it even faster (Çetiner et al. 2017 ). This massive but fully reversible osmotic permeability response is mediated primarily by two MS channels: the low-threshold 1 nS MscS and the high-threshold 3 nS MscL residing in the inner membrane (Sukharev et al. 1993; Blount et al. 1996; Levina et al. 1999) . The five E. coli paralogs of MscS encoded by kefA, ybdG, ybiO, yjeP, and ynaI genes are also mechanosensitive channels which are expressed at lowcopy levels (Schumann et al. 2010; Edwards et al. 2012) . These minor contributors to the release system noticeably increase osmotic survival only on mscS-, mscL-background and under slow enough osmotic downshifts (Bialecka-Fornal et al. 2015) .
Deletion of both MscS and MscL made bacteria osmotically fragile, whereas re-expression of either of the channels rescued most of the capacity to withstand a 700-900 mOsm sudden downshift (Levina et al. 1999 ). This result led to the assumption that the two channels may be somewhat redundant (Sukharev et al. 1994; Blount and Moe 1999; Booth and Blount 2012) . However, the weak ionic selectivity of MscS and the complete lack of ionic selectivity of MscL, as well as differences in conductances and especially in activating midpoint tensions (6-8 mN/m for MscS and 12-14 mN/m for MscL) (Belyy et al. 2010a, b) , suggest that the channels may not be redundant but rather specialized; their sequential opening may furnish graded responses to a range of osmotic shocks (Berrier et al. 1996; Booth 2014) . MscS, which gates at non-lytic tensions, may fulfill an "everyday" turgor relief for mild osmotic downshifts, whereas MscL, which opens at near-lytic tensions, should act as a true "emergency" valve. MscL exhibits no inactivation (Belyy et al. 2010a) . MscS, in contrast, shows deep desensitization and complete inactivation wherein it enters a non-conductive state that is unable to open by tension (Akitake et al. 2005 (Akitake et al. , 2007 . Here we specify that desensitization (adaptation) refers to reversible current decline when channels gradually return to the closed state under sustained stimulation. Desensitized channels can be re-activated by a stronger stimulus. Desensitization is most pronounced in excised patches where it is caused in part by tension redistribution between the lipid monolayers. Inactivation of MscS is a separate process which, like opening is driven by tension and begins from the closed state, but results in a distinct non-conductive and tension-insensitive conformation. The fraction of inactivated channels can be distinguished by applying saturating stimuli which reveal the remaining closed-desensitized channels. Inactivated channels cannot be reopened by increased tension, but they relatively quickly (~ 2 s) return back to the closed state when tension is released.
While MscS and MscL open sequentially with intracellular pressure increase, at the end of the permeability response the channels are also expected to close sequentially, in reverse order. When tension in the cytoplasmic membrane drops to the threshold for MscL, the large channel closes, but MscS remains open and continues the release until it reduces the tension well below the MscL threshold. When tension approaches the MscS threshold, the channel closes and then inactivates, completely resealing the membrane. The tension threshold is the empirically determined tension that activates the first channel in a population within a given experimental timeframe, below which the probability of finding a channel in the open state is negligible. MscS inactivation appears to exclude spurious flickering of channels at "safe" nearthreshold tensions, thus minimizing metabolic losses and assisting in recovery. Inactivation of the channel with the lowest threshold at the end of this sequence appears a final step in the termination of osmotic permeability response.
There have been a number of experimental studies of MscS gating and inactivation that used special pressure protocols to isolate fractions of channels in different non-conductive states (Akitake et al. 2005; Kamaraju and Sukharev 2008; Belyy et al. 2010a; Kamaraju et al. 2010 Kamaraju et al. , 2011 . It has been shown that both opening and inactivation are driven by tension from the same closed state, and each of these transitions is accompanied with its own characteristic channel protein expansion in the plane of the membrane (Akitake et al. 2005; Boer et al. 2011) . The previous experiments were sufficient to suggest a 3-state model for MscS; however, they gave only partial quantitative information, and the kinetic scheme for the entire functional cycle of MscS has never been computed comprehensively.
In this paper, we perform experimental patch-clamp analysis of the MscS kinetics using pressure protocols designed to reveal the rates for the kinetically intertwined closing and inactivation transitions. We then model the MscS kinetic as a finite state continuous-time Markov chain and obtain analytical expressions for the steady state solution. Following the extraction of intrinsic rates and their tension dependencies, we performed time-dependent kinetic simulations using QuB software which reproduced experimental traces obtained with ramp protocols. The model quantitatively explains the ability of MscS to reduce its response to slowly applied stimuli previously described as the "dashpot" behavior (Akitake et al. 2005) . We also show that we can estimate the inactivated state area from a small set of easily accessible experimental parameters. Thus, it is possible to minimize the experimental effort needed to obtain the inactivated state area for sparsely characterized MscS homologs. The parameters extracted using our formalism from the experimental dataset indicate spatial relationships between the energy wells and separating barriers and allow us to reconstruct the energy landscape for the tension-dependent MscS transitions.
The model
Previous analysis has shown that the opening and inactivation transitions in MscS both originate from the closed (C) state, thus, the outcome of their competition, i.e. population fractions in the open (O) and inactivated (I) state, is determined by transition rates and their tension dependences (Fig. 1) . In WT MscS studied in excised patches, the transition from the closed into the inactivated state occurs under moderate tensions, specifically in the range that activates (opens) only a fraction of the population and requires tens of seconds to manifest the inactivation (Akitake et al. 2005; Kamaraju et al. 2011) . During a quick application of strong stimuli, the channels are distributed primarily between the open and the closed states. In contrast, through a slow or prolonged application of moderate stimuli that keeps the majority of channels closed, the population gradually redistributes into the non-conductive and tension-insensitive inactivated state. This suggests that under certain experimental conditions the two transitions can be described in two separable time scales.
Since both the C → O and C → I rates increase with tension transmitted laterally through the lipid bilayer, each of the transitions is expected to be accompanied by a protein area increase in the plane of the membrane. The scale of area increase from the closed well to the transition barrier defines the slope of the kinetic rate vs. tension, whereas the area increase between the wells would define how the equilibrium partitioning between the wells changes with tension (Sukharev et al. 1999; Kamaraju et al. 2010) . The process with the steepest rate dependence (in this case-the opening) is expected to dominate at high tensions.
The mathematical model consists of a discrete-state continuous time Markov chain where the transition rates are described by the Arrhenius relation and the dynamics satisfy the detailed balance condition. For instance, the transition rates for the closed ↔ open transition obey the following relation:
Thus, in the presence of membrane tension, not only do the states with larger areas become more favorable but also the detailed balance condition guarantees that once the tension is held fixed the system relaxes to a unique equilibrium distribution where the states are populated according to Boltzmann weight (Ritort 2004 ).
The three-state model does not preclude the existence of some short-lived sub-conducting or hidden Markov states. Its applicability will be tested in experiments described below. For convenience of relating tension with the energetic bias toward lateral expansion, the membrane tension here is mostly presented in units of k B T/nm 2 , which equals to 4.114 mN/m at room temperature (298 K).
Experimental electrophysiological recordings and data treatment
The WT E. coli MscS was the primary object for patchclamp recording. Additionally, the P. aeruginosa MscS-1 channel, the recently cloned close homolog of E. coli MscS (Çetiner et al. 2017) , was used for comparison. Both MscS homologs were expressed from the pB10d vector under the PlacUV5 inducible promoter (Okada et al. 2002) in the MJF641 strain devoid of seven endogenous MS channel genes (∆mscL, mscS, mscK, ybdG, ynaI, ybiO, and yjeP) (Edwards et al. 2012) . Giant E. coli spheroplasts heterologously expressing the channels were generated with a standard method as described previously (Akitake et al. 2005; Martinac et al. 1987) . Borosilicate glass (Drummond 2-000-100) pipets 1-1.3 µm in diameter were used to form tight seals with the inner membrane. The MS channel activities were recorded via inside-out excised patch clamp method after expressing them in MJF641. The pipette solution had 200 mM KCI, 50 mM MgCI 2 , 5 mM CaCI 2 , 5 mM HEPES, pH of 7.4. The bath solution was the same as the pipette solution with 400 mM Sucrose added. Traces were recorded using the Clampex 10.3 software (MDS Analytical Technologies). Mechanical stimuli were delivered using a modified high-speed pressure clamp apparatus (HSPC-1; ALA Scientific Instruments). Current data were analyzed after the series resistance (Rs) correction of the traces by the equation, Gp = I/(V − IRs), where Gp is the patch conductance and V and I are the transmembrane voltage and current, respectively. Rs is the intrinsic resistance of the patch free pipette (1.2-2 MΩ). The pressure (P) was converted to tension ( ) using the following relation: = (P∕P 0.5 ) 0.5 assuming the radius of curvature of the patch does not change in the range of pressures where the channels were active and the constant of proportionality between tension and pressure was taken to be 0.5 ∕P 0.5 (Sukharev et al. 1999) . The midpoint tension 0.5 of MscS was taken to be 7.85 mN/m (Belyy et al. 2010a, b) and the midpoint tension of PaMscS-1 activation in E. coli spheroplasts was determined to be 5.6 mN/m using E. coli MscL as an intrinsic tension gauge (Çetiner et al. 2017) . P 0.5 values that correspond to pressure at which half of the population is in the open state were determined using 1-s triangular ramp protocols.
Estimation of the in-plane area for crystallographic structures and molecular models
Crystallographic structures of E. coli MscS with PDB IDs 2OAU and 2VV5 were chosen as representatives of nonconductive and conductive states, respectively. For comparison, we have also considered our published models of MscS in the putative resting, open, and inactivated conformations (Anishkin et al. 2008a, b) . Since in some conformations MscS features deep crevices between TM1-TM2 helices comparable to a lipid molecule in size, the accessible area becomes sensitive to variation in orientation of the protein side chains, which might differ in crystal structures and in real membranes. To avoid potentially artefactual fluctuations in area estimates due to variability of the side chain orientation, we performed our area estimates based on the positions of the backbone only under the simplifying assumption that the thickness of the side chain shell around the backbone is uniformly 5 Å. This thickness was calculated from our analysis of all-atom solvent-accessible surface of all included MscS structures. The atomic radii of the backbone were set to 5 Å, and the solvent-accessible area of the "smoothed" backbone structures was estimated using a spherical probe of 2 Å radius (approximate VDW radius of an aliphatic carbon in CHARMM36m force field (Huang et al. 2017) . The calculations of the lateral area profile along the channel axis and visualization of the structures were performed using customwritten Tcl scripts in VMD (Humphrey et al. 1996) .
Results
In this section, we first describe the kinetic scheme and obtain some analytical solutions for the steady-state MscS behavior from the three-state model. Next, we present the main experimental observations followed by the thermodynamic and kinetic treatment of the system. Following this, we summarize the kinetic and spatial parameters extracted from the data and then finally simulate the responses and compare them with experimental traces to confirm the quality of the model and compare spatial estimates with information available from crystallographic structures and structural models. Figure 1 presents the kinetic scheme of the MscS functional cycle. The unperturbed channel resides in its native environment in the compact closed (resting) state. From that state, the channel undergoes two separate tension-driven transitions into the open (C → O) or inactivated (C → I) states. Note that the O and I states are not interconnected, meaning that open channels do not inactivate (Kamaraju et al. 2011) , (see Supplementary Fig S2) . The energy wells for the connected states are assumed to be separated by single rate-limiting barriers and the transition rates between the states are governed by the Arrhenius-type relation:
The three-state continuous time Markov chain model
is the intrinsic rate (frequency) of the system's attempts to overcome the barrier between states X and Y in the absence of tension (Bell 1978) . The exponential term includes ΔA Xb , the expansion area from the bottom of the well of the particular state, X, to the top of the barrier that separates the states X and Y, γ, is the applied tension, and β = 1/k B T where k B is the Boltzmann constant and T is the temperature. Thus, tension favors states with larger area.
In this kinetic framework, when the tension is kept constant, the master equation can be written as follows:
Or in a more compact form: where ⇀ p is the probability vector and R is the transition rate matrix specified as:
The equilibrium distribution of the chain of conformational states can be obtained in several ways. Perhaps the
= 0 as a stationary solution and solve a system of linear equations. Another way is to use the exponential form for the probability vector (Schnakenberg 1976; Steinfeld et al. 1989) , which can be written as: ⇀ p(t) = c 1 e 1 t u 1 + c 2 e 2 t u 2 + c 3 e 3 t u 3 , where 1 , 2 , 3 are the distinct eigenvalues of R and u 1 , u 2 , u 3 are the corresponding right eigenvectors. The Perron-Frobenius theorem then guarantees that there is going to be a unique invariant distribution, , that can be expressed as: lim t→∞ e Rt ⇀ p(0) . A detailed discussion on the Perron-Frobenius theorem for primitive matrices, convergence, and uniqueness for a finite state, and irreducible Markov chains is included in the supplementary information (Norris 1998) .
The equilibrium distribution of the inactivated state probability is given by the following equation:
By plugging in the relations for the transition rates, we obtain: H e r e A Inactivated = ΔA Ib * + ΔA Cb * a n d A Open = ΔA Cb + ΔA Ob represent the total in-plane area expansion associated with inactivation and opening, respectively, assuming there is a single barrier separating the states. Since low-tension values favor the closed state and high-tension values lock the system in the open state with no transition to the inactivated state, we assume there is an optimum intermediate tension that simultaneously allows for a sufficient fraction of channels to be left in the closed state and yet also provides enough driving force to maximize the probability of inactivation. In the following analysis, we determine the tension * that gives the maximum for inactivated state probability by solving the system under the
As detailed in the supplement, the exact expression for the tension at which the probability of inactivation reaches its maximum is given by:
Here 0.5 is the tension at which the probability of finding a channel in the open state is 0.5. This expression, therefore, relates the tension that results in the highest degree of inactivation with the half-activating tension. This expression can be rewritten in terms of the inactivated
state area, A Inactivated , which reflects the in-plane expansion of the channel protein associated with the inactivation transition,
As was reported previously, A Inactivated is of prime mechanistic interest because it may reflect the de-coupling of the peripheral helices from the gate (Akitake et al. 2007; Belyy et al. 2010b) . However, it is not an easily accessible parameter (Kamaraju et al. 2011) . Having this relationship we now see that A Open , * , 0.5 are easier to obtain, thus the area of the inactivated state can be found using the expression (7) without a need for more experimental parameters.
The experimental time scales for C ↔ O and C ↔ I transitions
As shown on the kinetic scheme ( Fig. 1) , the transitions between C and O and C and I states are governed by different barriers and, therefore, the equilibration upon stimulus application may take different times. We adopted the previous strategy of recording the transition with either ramps or prolonged steps while controlling the active fraction of the population with short saturating test pressure pulses, before, after, and in some cases during extended stimulation. Figure 2 shows MscS population responses under stimuli applied in two different time scales. Panel A shows a response to a pulse-ramp-pulse sequence, where two 0.2-s saturating test pulses flank a 2-s symmetric ramp (1-s ascending and 1-s descending limbs). The bell-shaped ramp response is visibly asymmetric showing slight hysteresis at this ramp rate. The test pulse responses before and after the ramp are identical within 2% showing that during this (~ 3 s) protocol there is no outflow of channels into the inactivated state (n = 5). Panel B shows responses to 1 s steps of different amplitudes with identical test pulses before and after. The trajectories illustrate the MscS closing rates at different tensions, and again, the comparison of test pulse responses shows no inactivation in this time scale. More prolonged steps of 90 and 120 s of tension (shown in panel C) lead to substantial inactivation. Furthermore, the comparison of time courses shows that the equilibrium distribution of the population between C, O, and I states is reached within about 90 s, after which the occupancies become time-independent under these conditions (compare with 120 s step).
Based on traces presented in Fig. 2 , we picked 120 s as the time required for the chain to reach equilibrium. It should be noted that when subjected prolonged steps of tension, patches often become unstable and either rupture or undergo slippage inside the glass pipette, which changes the patch geometry. This may introduce errors in probability
measurements. To avoid these errors, we employed 1 s triangular ramps and recorded the dose response curves throughout the experiment (Fig. 2d) , and checked whether the open probability stays within the limits of stochasticity of the experiment and does not drift as a result of changes in membrane curvature.
Characterization of Closed ↔ Open transitions
As illustrated in Fig. S1 , Fig. 2a , b, inactivation is a relatively slow process. The amount of inactivation becomes noticeable in a specific range of tensions applied for periods longer than 5-10 s, whereas application of quick ramp or pulse protocols (Fig. 2a, b ) causes no inactivation (n = 5) but is sufficient to activate the channel. With the clear separation of time scales for the two competing transitions originating from the closed state, the system subjected to 1-2 s stimuli can be approximated by a two-state model (Kamaraju et al. 2010 (Kamaraju et al. , 2011 Nakayama et al. 2013) . The closed ↔ open branch was probed by a relatively quick 1-s triangular ramp protocol where the tension in the membrane was increased linearly from zero to saturating tension driving all channels to the open state. The response to the symmetric 1-s ramp is shown in Fig. 3a , with the ascending (increase of tension, channel opening) and descending branches (decrease of tension, channel closure) and a plateau in the middle reflecting response saturation at high tensions. When tension increases linearly as a fast ramp, the rate of accumulation of open channels can be presented in the following form: Here we use a simplifying assumption that the rate of closing ( k OC ) on the ascending limb and the rate of opening ( k CO ) on the descending limb are small. To verify this assumption, in Fig. 3a we provided a typical ramp response of a small channel population where each individual transition is clearly seen. Panel b shows the histogram of the number of closure events compared to the number of openings on the ascending leg of the trace as the tension was quickly increased in a linear fashion. The closing events during tension increase can be considered rare events thus verifying the negligibility of k OC . Similar reasoning applies to k CO on the descending leg of the dose response. Obviously, only during the quick ramp protocols (< 1 s), the channels make primarily one-way transitions either from the closed to open or from the open to closed state. Figure 3c shows a typical 1-s ramp response of a larger (~ 200) population of channels which now looks like a smooth curve. To fit the ascending and descending segments of the trace presented in panels d and e we used the solution to the Eq. (8), which can be written as follows (Schlierf et al. 2004 ):
And the closed state probability on the descending leg is given by:
Curves fitting Eqs. (10, 11) to the ascending and descending legs of the experimental dose-response curve (Fig. 3d , e red lines) produced parameters for the closed ↔ open transition now listed in Table 1 .
As a second way of getting the gating parameters for the open → closed transition, we employed the previously described pulse-step experimental protocol (Kamaraju and Sukharev 2008; Nakayama et al. 2013 ) where the tension is first delivered as a short saturating pulse to pre-condition the entire channel population to the open state and then is changed to various sub-saturating levels as illustrated in Fig. 4a . The kinetics of closure is monitored as a function of tension and time. The experiment directly (Fig. 4a) reveals the closing rate, k OC . Once the logarithm of the rate obtained from the mono-exponential fits of the initial segments of the decaying current traces is plotted against membrane tension, its slope provides information about the ΔA between the open well and the rate-limiting barrier, and the
. Fig. 3 MscS responses to triangular pressure ramps. a A ramp response of a small MscS population (7 channels) where individual opening and closing events are seen. b Statistics of opening and closing events observed over 20 sequential ramp experiments on several small-population patches. The observed probabilities of closing events during the opening phase and opening events during the closure phase are very low (n = 3). For this reason, these transitions can be described with a unidirectional kinetics (Eqs. 8, 9). c A response of large (~ 200 channel) population to a symmetric 1-s triangular ramp. Each leg on the ramp response, ascending (d) and descending (e) represents a separate experimental dose-response curve (blue), which could be fit (red curves) separately. The probabilities of the open and closed states can be described by the Eqs. (10, 11) assuming that k OC and k CO are negligible on ascending and descending limbs of the fast ramp protocol respectively (Schlierf et al. 2004 ). The gating parameters extracted from the fits are listed in Table 1 (n = 5) y intercept gives the logarithm of the intrinsic closing rate in the absence of tension. This rate might reflect the attempt rate (pre-exponential frequency factor) associated with the transition, as well as the height of the energy barrier. The transition state area (barrier position) and the attempt frequency in the absence of the tension that were captured from the semi-log plot in Fig. 4b (n = 9) were in good agreement with the values extracted from the fit of Eq. (11) to the descending leg of dose response curve as explained in Table 1 .
We should note that Eq. (10) does not describe the ascending leg as precisely as Eq. (9) describes the descending leg. Even though the vast majority of channels do not close back on the ascending leg (31 downward events out of 469), even a small k OC , obviously more pronounced at low tensions, may still introduce an error in the fitting of the dose-response curve sharply rising with tension (Eq. 10). The measurement of the Open → Closed transition rate k OC on the descending leg is in part duplicated by the pulse-step experiments (Fig. 4) directly visualizing the closing kinetics.
Ideally it would be desirable to apply the second method and measure directly the kinetics of the Closed → Open transition in step experiments. Unfortunately, with the pressure step increase, the opening rate of MscS soon becomes too fast to be resolved with the pressure clamp apparatus whose rising time for a 100-mmHg step is around 10-15 ms.
Closed ↔ inactivated transitions
The gating parameters of the inactivation (C → I) and the reverse (I → C) transitions were recaptured by utilizing multi-step pressure protocols previously described in (Kamaraju and Sukharev 2008; Kamaraju et al. 2011 ). The initial short saturating pulse preconditions all the channels in the open state and measures the total number of active channels in the membrane. The tension is then switched to a sub-saturating level for 60 s allowing the system to transition between the states and to relax toward to the equilibrium distribution determined by tension (Fig. 5a ). As the channels pass from the open state through the closed state to the ), respectively, based on the semilogarithmic plot of the rates as a function of tension as show in Fig. 4b (n = 9) . These values are in a good agreement with the results obtained by applying the fitting Eq. (11) to the descending leg of dose-response curve (n = 5). In the second column, the ∆A values represent the magnitude of areal distances between the bottoms of the corresponding state wells to the rate-limiting barriers denoted as b and b*, respectively ) respectively (n = 9) inactivated state (O → C → I), their distribution was periodically monitored by short saturating pulses interspersed evenly from the beginning to the end enabling us to see the remaining active population. The fraction of the population in each state is deduced using the normalization condition, P Open + P Closed + P Inactivated = 1 . The log of k CI , which was obtained by fitting the analytic solutions for the model (O k OC → C k CI → I) to the experimental traces, was plotted as a function of tension (Fig. 5b) . This gives the area from the closed state well to the barrier that separates it from the inactivated state and the logarithm of the intrinsic transition rate in the absence of tension (Table 1 , n = 5). We note that the analytical solution obtained in (Kamaraju et al. 2011) expresses the channel population as a function of time that converges to the steady-state solution in the long-time limit. Therefore, the system does not have to reach the ultimate equilibrium as we extract the rate constants from the time-dependent changes in the occupancies of the closed, open, and inactivated states, tracked using the kinetic scheme in Fig. 5a . The total duration of protocol (60 s) was sufficiently long to monitor the inactivation process as a function of time with interspersed saturating pressure pulses.
The recovery transition (I → C) was studied by the protocol previously reported by (Akitake et al. 2005; Kamaraju et al. 2011) . The channel population is first probed by a short test pulse and then kept at * to maximize inactivation until almost all channels are driven into the inactivated state. After conditioning the channels in the inactivated state at * , tension was decreased to zero or to an intermediate level between 0 and * , and the rate of MscS transition to the closed state was monitored by applying an extended train of short saturating pulses (Fig. 5c ). Since the inactivated state cannot open in response to tension, only the channels in the closed state can be activated by tension. Thus, by employing saturating pulses, the recovery transition can be monitored over time. The recovery rate from inactivation slowed down with an increase in the membrane tension as indicated by the red, blue, green, and black arrows in Fig. 5c , where red arrows show the fastest recovery in the absence of membrane tension. The log of the rates obtained from single Probing the Closed ↔ Inactivated transition. a The channels were kept at sub-saturating tensions for 60 s, allowing enough time for inactivation to manifest. The number of channels populated in different states was checked by interspersed saturating pressure pulses that demonstrate the distribution of the channels between the states based on the fact that only the channels in the closed state could be activated with tension and the number of the channels in the membrane was constant. With this protocol, as shown in (Kamaraju et al. 2011) , channels' transitions can be described by the following scheme: (O k OC → C k CI → I) from which rate of the inactivation, k CI , was obtained by fitting analytic solutions to experimental data. c MscS recovery from inactivation is retarded by the membrane tension. Channels were driven to inactivation by a 60-s non-saturating tension and the extent of recovery from inactivated state was tested by four saturating test pulses applied at different time points for various tension values. The recovery traces were fitted with mono-exponential functions (not shown). b, d The semi-log plots of the rates obtained by single exponential fit to data revealed the area expansion and transition rate in the absence of tension associated with the relevant transition. All parameters are listed in Table 1 with experimental uncertainties exponential fits to data (not shown) was plotted as a function of tension as reported in (Kamaraju et al. 2011) (Fig. 5d) . The complete set of transition parameters obtained from the slopes and the y intercepts is listed in Table 1 (n = 5).
Opening and Inactivation of MscS in steady-state and kinetic regimes validate the model
Having the kinetic and spatial parameters for the two reversible transitions at hand, we proceeded to test them in experiments under either prolonged ''static'' mechanical perturbations allowing the system to reach equilibrium under a constant tension, or in a dynamic regime under tension ramps applied with different speeds. The first set was designed to compare our analytic results obtained from the steady-state solution of the model with the experiments where patches were exposed to 120 s conditioning steps required for the chain to reach equilibrium as shown in Fig. 2c . In Fig. 6 , we present the experimental fraction of inactivated channels at the end of a 120-s step shown as black circles with error bars. The data were obtained from 8 independent stable patches from 3 different spheroplast preparations. The red curve was computed by plugging the parameters listed in Table 1 into Eq. 4 predicting the steadystate inactivation, and the blue curve, which was obtained under 1 s ramp protocol, represents the open probability of the channel on which 0.5 is marked with a blue circle. Equation 4 well reproduces the experimentally observed fraction of MscS inactivation as a function of conditioning tension magnitude.
As previously mentioned, MscS inactivation takes place in a specific range of tensions, and the value of * which produces the maximum inactivation is predicted by Eq. 6 carrying information about the in-plane area of the inactivated state relative to the area of the open state on the reaction coordinate. The * for MscS was calculated to be 2.0 ± 0.1 k B T/nm 2 by evaluating Eq. 6 with the parameters listed in Table 1 and marked with a red circle on Fig. 6 , showing a good agreement with the experimental data.
This framework encapsulated in Eq. 7 can be used to determine the inactivated state expansion area for yet unexplored MscS homologs that also show tension-dependent inactivation, but were not subjected to test protocols depicted in Fig. 5 . In order to illustrate the utility of Eq. 7, we calculated the inactivated state expansion area of a newly characterized MscS homolog from Pseudomonas aeruginosa, PaMscS-1, which also inactivates with tension (Çetiner et al. 2017) . Figure 7 shows the activation curve for PaMscS-1 obtained with a 1-s ramp protocol. This P Open versus tension curve (blue line) indicates the midpoint position 0.5 for the channel. Independently but on the same patch, the tension that maximizes the inactivated fraction, * , was determined using 10 s pulse-step-pulse protocol. By plugging in the experimental values for the two parameters into Eq. 7, the inactivated state expansion area of PaMscS-1, A Inactivated , can be estimated as 5 ± 1 nm 2 . This value is comparable with 6 ± 1 nm 2 for EcMscS. Note that even though a closed-form expression for * is available for the steady-state solution, it is the same tension that maximizes the inactivation at any intermediate time (see Supplementary Fig. S3 ). Despite the fact that E. coli MscS and P. aeruginosa MscS-1 share Fig. 6 Comparison of experimental steady state MscS inactivation with 3-state model. The black data points with the error bars represent steady-state MscS inactivation in the course of a 120-s conditioning step as in Fig. 2c , averaged over 8 independent patches. The red curve represents the steady solution of the model Eq. 4 evaluated with the parameters listed in Table 1 , which passes through the experimental points (black). The red circle is the tension at which the steady-state inactivation is maximized, * , predicted by the model, Eq. 6, after plugging in the corresponding values in Table 1 . The blue curve is the open probability for the fast activation of channels under 1 s ramp protocol on which the midpoint, 0.5 , is marked as blue circle. Note that under short (1 s) stimulation, MscS channels are mainly distributed between the closed and open state; thus the blue curve essentially represents the open probability for the two-state (C-O) system Fig. 7 The spatial scale for inactivation in Pseudomonas aeruginosa PaMscS-1. Equation 7 can be used to determine the inactivated state area of other MscS homologs without employing complicated experimental protocols described in Fig. 5 . The midpoint tension (blue circle), 0.5 and the tension that leads to maximum inactivation, * , were determined experimentally by application of fast 1 s ramp and 10 s pulse-step-pulse protocols, respectively. Given that the open area of PaMscS-1 is 11 ± 0.5 nm 2 (Çetiner et al. 2017) , Eq. (7) predicts the inactivated state area of PaMscS-1 to be 5 ± 1 nm only 36% identity, the close inactivation area parameters may suggest a similarity in their inactivation mechanisms, which presumably proceed through the uncoupling of the lipid-facing helices from the gate (Akitake et al. 2007; Belyy et al. 2010b) . We hypothesize that MscS inactivation plays an important general role in bacterial osmoregulation which will be explained in the "Discussion" section.
Due to the topology of the transition diagram (Fig. 1 ), it is also now possible to assign unique energies to the states by choosing a reference state. For example, if we assign the energy of the closed state to be zero, we can uniquely determine the energy of the open and the closed state by using the relation (Schnakenberg 1976 ):
These relationships assign the energies for the bottoms of the open and inactivated state wells on the energy landscape.
To test the correctness of the kinetic constants and their tension dependences obtained in the above experiments, we simulated MscS ramp responses with the coefficients listed in Table 1 . In parallel, we employed the same time-dependent ramp protocols where the membrane tension was linearly raised from zero to its final value of 3 k B T/nm 2 in 1, 5, 10, 30, and 60 s, thus changing the rate from fast to slow. As shown previously, MscS channels prefer to fully respond to abrupt stimuli but tend to ignore the slowly applied ones; this behavior was called the "dashpot" mechanism. Not surprisingly, as the tension increases from zero to the saturating level, it passes through a specific region, which roughly corresponds to 0.5 , where the likelihood of switching from the closed to the inactivated state is the highest. At slower rates of stimulus application, channels spend more time in this specific range of tensions and a larger fraction of channels is predicted to end up in the inactivated state. Figure 8a shows experimental traces (blue) that reflect the fraction of active channels in the patch. All traces were normalized to the amplitude of the fastest ramp response that exhibits the maximal number of active channels. As seen from the bottom part of the graph, tension was raised to its final value of 3 k B T/nm 2 with different rates. Indeed, with the slower rates only about half of the population remains active. The simulation of a 30,000-channel Markov chain using the QuBexpress software under the same conditions is shown by the red curves (Fig. 8a,  b) which reasonably reproduces the kinetic inactivation mechanism of MscS.
Discussion
In this study of the tension-driven opening and inactivation transitions in the low-threshold bacterial mechanosensitive channel MscS, we took the most basic approach and derived major relationships analytically. Equation 3 essentially represents the classical Q-matrix for the transition rates previously used by Colquhoun (Colquhoun and Hawkes 1977; Colquhoun et al. 2003) , Sachs (Qin et al. 1996) and others.
With some simplifying assumptions we were able to find closed forms for the main experimentally measured relationships and fit the activation and closing curves directly. The fitting of the dose-response curves measured with ramps ( Fig. 3 ) and pulse-step protocols (Fig. 4) , inactivation and recovery rates as a function of tension (Fig. 5) as The tension in the membrane was linearly raised to its final value with different rates. At slower rates, channels spent more time in the tension region where inactivation can be achieved. Thus, the slower the application of stimulus, the more likely the channels are to end up in the inactivated state, which can be seen as the decrease in the membrane current. The red curves were the average traces of 30,000-channel MscS population simulated by the QUBexpress software with the parameters listed in Table 1 and are in good agreement with the blue traces that correspond to a single realization of the experimental MscS data. Shaded areas between the black curves represent the standard deviation envelope-the variability in simulations' output due to variability in the kinetic constants (as listed in Table 1 ). b Relative number of the active channel population with different tension application rates obtained from three independent experiments (black) was successfully described by the model (red) well steady-state fraction of inactivated channels as a function of conditioning tension (Fig. 6) provided consistent reliable estimates for the rates, spatial expansion parameters and positions for rate-limiting barriers for both the opening and inactivation transitions (Table 1) . This analytical exercise revealed important relationships between the protein area increase associated with inactivation, activation midpoint and the tension of maximal inactivation (Eq. 7), which would not be evident from purely numerical filling with existing software. In the end, we resorted to the advanced kinetic modeling and fitting software QuB to fit the dynamic activation traces obtained with ramps of different speed (Fig. 8) and confirmed that the extracted kinetic and spatial parameters are realistic. Note that the general formalism developed here can be applied to other ion channels whose transition rates depend on some other physical parameters such as voltage or ligand concentration. For example, the transition rates between the states might be in the form of k 0 exp(k 1 * Voltage) , meaning that the probability per unit time to make a jump in the state space is modulated by the voltage across the membrane. As long as the system is irreducible, memoryless and has a finite number of states, the main results derived in this paper hold for other types of channels in different organisms. Even though we used QuB express software just to simulate our model based on the parameters listed in Table 1 , QuB express can do a lot more. Since the inactivated state is tension-insensitive and non-conductive, for our three-state system, we were able to monitor P Open , P Closed , P Inactivated as function of time but for systems which have hidden Markov states or some other sub-conducting states, the patch-clamp experiments do not provide the full information on the evolution of the probabilities thus the system is hard to tackle analytically. QuB software can be useful for such cases by utilizing likelihood optimization methods to extract the underlying model from the data (Nicolai and Sachs 2013) .
The determined spatiotemporal parameters of MscS transitions (Table 1) based on the inferred states predict that the energy landscape for MscS functional cycle must have at least 3 wells for the closed (C), open (O) and inactivated (I) states (Fig. 9) . At zero tension, the opening path predicts a barrier that is located about 55% toward the O well, which is located at a distance of 11 nm 2 and elevated by about 22 k B T relative to the C well. The inactivation profile predicts a smaller distance of about 6.5 nm 2 between the C and I wells, the energy difference of 9 k B T and the rate-limiting barrier located very close to the I well (~ 80% of the way). Application of "midpoint" tension γ 0.5 = 7.85 mN/m that tilts the landscape (Fig. 9b) and that puts the bottoms of C and O wells at the same level also drags the I well below the C well prompting inactivation.
The obtained protein expansion parameters may provide some insight into the structural aspect of MscS gating and suggest the character of helical arrangement in each of the states and motions during the transitions. The existing crystal structures and structural models of MscS gating have been overviewed in (Naismith and Booth 2012) and our analysis of area changes associated with specific transitions in different models is presented in the Supplement.
Although the release system in E. coli is comprised of MscL, MscS, and five MscS-related channel species (Levina et al. 1999; Schumann et al. 2010; Edwards et al. 2012) , the low-threshold MscS and the high-threshold MscL were shown to mediate the bulk of osmolyte exchange and either one is sufficient to rescue the majority of bacterial population from osmotic lysis (Levina et al. 1999) . Despite the earlier assumption that MscS and MscL perform essentially the same function (Blount and Moe 1999; Booth and Blount 2012; Bialecka-Fornal et al. 2012) , there are more data that each of the channels has evolved to perform its own specific role. The gating parameters of MscS defined by its energy landscape reported here can be interpreted in the context of its in vivo function. Subjected to strong (500-1000 mOsm) osmotic downshifts, bacterial cells swell and generate super-threshold tensions in their cytoplasmic membranes within 20-30 ms, and then a release phase with a characteristic time of 30-100 ms begins (Boer et al. 2011; Çetiner et al. 2017) . Based on the parameters presented in Table 1 , when tensions exceed 3 k B T/nm 2 (or 12 mN/m), MscS is predicted to open within 10 ms. This rate is too fast to be resolved in a typical patch-clamp experiment, but it is certain that MscS population will robustly open at sublytic tensions within the swelling time. The opening speed is important because in order to curb swelling the population must be able to release excessive osmolytes faster than the rate of water influx.
Regarding the closing rate, it is estimated to be fast (~ 10,000 s −1 ) at zero tension. But it is important to keep in mind that as the osmolytes are dissipating, membrane tension decreases until the channels close. Therefore, channel activity cannot adjust membrane tension below its own activation threshold. For MscS, the threshold tension is near 5 mN/m (~ 1.3 k B T/nm 2 ) and at this tension the closing rate is predicted to be ~ 3 s −1 (Fig. 4b) , i.e., the channels will be closing in vivo with characteristic time of 0.3 s or slower. This kinetic impediment will provide sufficient time for osmolyte and water exchange between the small cell and the environment in the absence of high intracellular pressure, thus reducing tension to a sub-threshold level.
As illustrated in Figs. 5, the rates of inactivation and recovery are generally slow compared to the rates of activation and closure, apparently due to a sufficiently high barrier separating the C and I states, smaller expansion (∆A) during the inactivation, and location of the rate-limiting barrier close to the inactivated state. In terms of activation and inactivation, MscS in our experiments essentially functions in two separate time scales. The smaller area change associated with the inactivation process dictates a much shallower tension dependence. But what is special about this transition is that with the given parameters inactivation only takes place at moderate tensions just above the activation threshold (~ 1.3 k B T/nm 2 ) and is significantly boosted at around the activation midpoint (~ 2.0 k B T/nm 2 ) where the exchange rate between the open and closed state of the channel is maximized (Fig. 6 ). It has been analytically shown that the relationship between activation midpoint, 0.5 and the tension γ* at which the steady-state degree of inactivation is the highest depends on the areas of open and inactivated states. This allows estimation of inactivation area without the complex experimental protocols and analysis exemplified in Fig. 5 , but rather from a set of more easily accessible parameters (Figs. 6, 7) . The reconstructed energy landscape well predicts "smart" behavior of fully responding to abrupt stimuli (emergency situations) but ignoring tension stimuli which are applied slowly (non-emergency situations).
Tension-dependent inactivation of low-threshold MscS channels is common for the three gram-negative bacterial species studied by patch-clamp: E. coli (Akitake et al. 2005; Belyy et al. 2010a) , V. cholerae (Rowe et al. 2013) , and P. aeruginosa (Çetiner et al. 2017) . It is interesting to note that even though both P. aeruginosa and E. coli have MscS and MscL type channels, P. aeruginosa mainly relies on MscL family channels to counter osmotic down-shocks. Compared to E. coli, P. aeruginosa has a cell envelope that is somewhat less permeable to water, which slows down swelling and provides more time for osmolyte extrusion in the event of osmotic shock. The smaller cell size and higher density of MscL apparently make P. aeruginosa more resistant to abrupt osmotic down-shocks than E. coli (Çetiner et al. 2017) . The fact that P. aeruginosa still has a certain amount of MscS capable of inactivation suggests a special role that inactivation plays in osmotic permeability response.
The specific role of the low-threshold inactivating MscS in the osmotic response and functional cooperation with the non-inactivating (two-state) high-threshold MscL channel may be envisioned in the following way. At low-magnitude shock, the low-threshold MscS may completely fulfill the pressure/volume adjustment without engaging MscL. At higher shocks, MscL will activate and take the major part in the fast osmolyte release, but when tension drops down to MscL threshold (~ 9 mN/m) it will close and the tension adjustment will be stalled at that level. Under these conditions, the non-inactivating MscL will still be able to flicker to the open state, which will be disruptive for vital gradients and cell energetics. MscS appears to be a critical asset in this situation. Fully open at 9 mN/m (~ 2.3 k B T/nm 2 ), MscS will continue the dissipation process to take membrane tension considerably below MscL threshold. At its own activation midpoint of 7.8 mN/m (~ 2 k B T/nm 2 ) or below MscS will inactivate and this would be a proper leak-free termination of the osmotic permeability response. This picture should be augmented by the findings that the rate of inactivation (but not the preferable tension range) sharply increases in the presence of cytoplasmic crowders. The increased macromolecular excluded volume is an indicator of the cytoplasm "over-draining" and the signal for faster MscS inactivation that prevents small osmolyte and water extrusion.
We conclude that the existence of a non-conductive, tension-insensitive (inactivated) state and the location of the inactivated state well on the energy landscape relative to other states are not coincidental but rather the result of a billion-year evolution to provide a more efficient and "economic" response to osmotic challenges, thus contributing to the osmotic fitness of bacteria in the ever-changing environment.
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